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IONIC LIQUID SOLVENTS OF PERHALIDE
TYPE FOR METALS AND METAL
COMPOUNDS

The present invention relates to a process for dissolving
metals 1n 1onic liquids. More specifically, the nvention
relates to a process for dissolving metals 1n 10n1c liquids that
comprise perhalide anions. The process of the invention may
be applied to the extraction of metals from mineral ores; to
the remediation of materials contaminated with heavy, toxic
or radioactive metals; and to the removal of heavy and toxic
metals from hydrocarbon streams. The invention further
relates to novel compositions comprising metals dissolved
in 1onic liquids.

The term “1onic liquid™” as used herein refers to a liquid
that 1s capable of being produced by melting a salt, and when
so produced consists solely of 1ons. An 1omic liquid may be
formed from a homogencous substance comprising one
species ol cation and one species of amion, or 1t can be
composed of more than one species of cation and/or more
than one species of anion. Thus, an 1onic liquid may be
composed ol more than one species ol cation and one
species of anion. An 1onic liquid may further be composed
ol one species of cation, and one or more species ol anion.
Still further, an 1onic liquid may be composed of more than
one species of cation and more than one species of anion.

The term “1onic liquid” includes compounds having both
high melting points and compounds having low melting
points, e.g. at or below room temperature. Thus, many 10nic
liquids have melting points below 200° C., particularly
below 100° C., around room temperature (15 to 30° C.), or
even below 0° C. Ionic liquids having melting points below
around 30° C. are commonly referred to as “room tempera-
ture 1onic liquids™ and are often derived from organic salts
having mnitrogen-containing heterocyclic cations, such as
imidazolium and pyridinium-based cations. In room tem-
perature 10onic liquids, the structures of the cation and anion
prevent the formation of an ordered crystalline structure and
therefore the salt 1s liquid at room temperature.

Ionic liquds are most widely known as solvents due to
tavourable properties including negligible vapour pressure,
temperature stability, low flammability and recyclability.
Due to the vast number of anion/cation combinations that
are available 1t 1s possible to fine-tune the physical proper-
ties of the 1onic liquid (e.g. melting point, density, viscosity,
and miscibility with water or organic solvents) to suit the
requirements of a particular application.

In WO 98/06106, a process 1s disclosed for the oxidative
dissolution of nuclear tuels and nuclear tuel-cladding mate-
rials 1n nitrate-based i1onic liquids. The ionic liquids dis-
closed comprise nitrate anions, and optionally sulphate or
tetratluoroborate anions, and a Bronsted or Franklin acid
(such as nitric acid, sulphuric acid, or nitronium cations)
which 1s necessary to increase the oxidising power of the
solvent. The 1onic liquids disclosed are all water soluble.

Pitner, W. R. et al. have described a similar process for
dissolving insoluble uranium oxide (UO,) in which the
uranium oxide is oxidised to the soluble species UO,>* in a
mixture of mitric acid and an 1onic liquid comprising nitrate
amons (Mathematics, Physics and Chemistry, 2003, 92,
209-226). The dissolution of eclemental metals 1s not
described, however.

Whitehead, J. A., et al. have described the use of 10nic
liquids having hydrogensulfate anions, containing iron(III)
sulfate as an oxidant and thiourea as a complexant, as
leaching solutions to extract gold and silver from mineral

ores (Green Chem., 2004, 6, 313-315). The 1onic liquid 1s
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2

used as a non-volatile, water-miscible solvent 1n which the
oxidising and complexing components are present as addi-
tives.

Metal oxide dissolution in choline chlonde-based deep
cutectic solvents has been reported by Abbot, A. P, et al. (J.
Chem. Eng. Data, 2006, 51, 1280-1282; and Inorg. Chem.,
2005, 44, 6497-6499).

Billard, I., et al. have described the dissolution of uranium
oxides and lanthanide oxides in 1-butyl-3-methylimidazo-
lium bistriflimide upon the addition of a nitrate source as an
oxidant (Dalton Trans., 2007, 4214-4221), and Nockemann,
P., et al. have described the dissolution of metal oxides 1n a
betaine bistriflimide 1onic liqguid 1n the presence of water (J.
Phys. Chem. B, 2006, 110, 20978-20992).

I, L. et al. have described an approach to the capture of
clemental mercury from coal combustion flue gases by
oxidation of the mercury by permanganate dissolved 1n an
ionic liquid coated onto a silica support (Water, Air & Soil
Pollution: Focus, 2008, 8, 349-358).

In addition, the direct electrochemical anodic dissolution
of metals 1nto 1onic liquids has been described by Abbot, A.
P., et al. (Phys. Chem. Chem. Phys., 2006, 8, 4214-4221; and
Tvans. Inst. Metal Finishing, 2005, 83, 51-53); Chen, P.-Y.,
et al. (Electrochimica Acta, 2007, 52, 1857-1864); Hussey,
C. L., et al. (J. Electrochem. Soc., 1991, 138, 1886-1890);
and by Aldous, L. et al. (New J. Chem., 2006, 30, 1576-
1583).

Notably, none of these reports discloses the direct disso-
lution of elemental metals, alloys, or metal compounds 1n
ionic liquids 1n the absence of added solvents and/or oxi-
dising agents.

Elemental mercury forms amalgams with gold, zinc and
many metals and reacts with oxygen 1n air when heated to
form mercury oxide, which then can be decomposed by
further heating to higher temperatures. Mercury does not
react with most acids, such as dilute sulfuric acid, though
oxidising acids such as concentrated sulfuric acid and nitric
acid or aqua regia dissolve 1t to give sulfate and nitrate and
chloride. Mercury reacts with atmospheric hydrogen sulfide
and even with solid sulfur flakes. This reaction of mercury
with elemental sulfur 1s utilised used 1n mercury spill kits
which contain sulfur powder to absorb mercury vapours
(spill kats also use activated charcoal and powdered zinc to
absorb and amalgamate mercury).

The reactivity of elemental mercury to bromine and
chlorine 1s well known, as a basic chemical reaction (for
example, see Cotton and Wilkinson, Comprehensive Inor-
ganic Chemistry, 4” Edition, p 592.), and has been recog-
nised as one mechanism for the formation of inorganic
mercury species in the atmosphere (see for example, Z.
Wang et al., Atmospheric Envivonment, 2004, 38, 3675-3688
and S. E. Lindberg, et al., Environ. Sci. Technol., 2002, 36,
1245-1256). This reactivity of mercury with halogens has
been utilised 1n flue-gas scrubbing technologies to remove
mercury vapour by high temperature reaction with either
bromine or chlorine forming norganic mercury species that
are readily extracted into aqueous media (for example, S-H.
Lw, et al., Environ. Sci. Technol., 2007, 41, 1405-1412).

Bromine has been used for leaching of gold from ores
(used eirther directly, or produced 1n situ from bromide salts
and chlorine gas), however this approach has been super-
seded by economically cheaper cyamde leaching processes.

When working with bromine or chlorine under ambient or
near-ambient temperatures and pressures, there are signifi-
cant difliculties and hazards that are associated with the
corrosivity and toxicity of both bromine and chlorine
vapours as well as the mmcompatibility of the halogens with
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many metals. Bromine 1s known to oxidise many metals to
their corresponding bromide salts, with anhydrous bromine
being less reactive toward many metals than hydrated bro-
mine. Dry bromine reacts vigorously with aluminium, tita-
nium, mercury as well as alkaline earths and alkali metals
forming metal bromide salts.

Organic perhalide salts (also known as trihalide salts)
have a variety of known applications, including use as
sterilising agents; for bleaching of textiles; for wart removal;
and as aqueous anftifouling agents. In addition, organic
perhalide salts may be used as highly eflicient brominating,
agents 1n the preparation of brominated organic compounds,
including those having anti-inflammatory, antiviral, antibac-
terial, antifungal, and flame-retardant properties.

The use of aqueous morganic perbromide salt solutions as
leaching agents for gold, silver, platinum and palladium has
been described 1n U.S. Pat. No. 5,620,583.

Many 1omic liquids incorporating perhalide anions have
been reported (see Bagno, A., et al., Org. Biomol. Chem.,
2005, 3, 1624-1630, for example). Applications of these
ionic liquids include use as brominating media for organic
compounds (Bao, W., et al. Green Chem., 2006, 8, 1028-
1033; Bao, W., et al., J. Chem. Res., 2005, 617-619;
Chiappe, C., et al., Chem. Commun., 2004, 2536-2537;
Salazar, I. et al., Syrlett, 2004, 1318-1320; Chiappe, C., et
al., Eur. J. Org. Chem., 2002, 2831-2837), as high refractive
index flwmds (Seddon, K. R., et al., New J. Chem., 2006, 30,
317-326), and as components in photovoltaic cells (Gorlov,
M., et al., Dalton Trans., 2008, 2655-2666).

In addition, i1onic liquids comprising perhalide anions
have lower viscosities than the corresponding halide 1onic
liquids, and are hydrophobic, forming stable biphases with
walter.

The present invention 1s based on the discovery that 1onic
liquids comprising perhalide anions can dissolve metals and
metal compounds without the need for additional solvents
and/or oxidising agents.

In a first aspect, the present invention provides method for
dissolving a metal comprising contacting the metal with an
ionic liquid having the formula:

[Cat™][X"]

wherein: [Cat™] represents one or more cationic species,
and
[ X™] represents one or more perhalide anions,
wherein the 1onic liquid i1s free of additional solvents
and/or oxidants.

The use of 1onic liquids comprising perhalide anions
provides a number of advantages over the 1onic liquids that
have previously been used for the dissolution of metals and
metal compounds. In particular, ionic liquids comprising,
perhalide anions are stable to air and moisture, 1n contrast
with the air- and moisture-unstable haloaluminate 1onic
liquids that have been used for electrodissolution of metals.

In addition, 1onic liquids comprising perhalide anions are
generally hydrophobic, and therefore suitable for extracting
metals and metal compounds from aqueous solutions. This
1s 1n contrast to hydrogensulfate-based systems for leaching
gold and silver ores, nitrate-based systems for nuclear fuel
processing, and choline chloride-based deep eutectic fluids
described above, 1n which the 1onic liquids used are water-
miscible. Thus, the present invention provides a non-aque-
ous and water-immiscible solvent system for the dissolution
of metals and metal-containing compounds.

According to the method of the present mnvention, [X]
preferably comprises one or more perhalide anions selected

from [I;]7, [Brl,]”, [Br,I]", [CII,]", [Brs]", [CIBr,],
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|BrCL, ", [ICL,]7, or [Cl5]™; more preferably [ X™] comprises
one or more perhalide anions selected from [Brl,]|™, [Br,I]~,
|CIL,]™, [CIBr,]", or [BrCl,]™; still more preferably [X7]
comprises one or more perhalide amions selected from
|Br,I]7, [CIBr,]~, or [BrCl,]™; and most preferably [X™] 1s
|CIBr,]”. In a further embodiment, [X™] comprises one or
more perhalide amions selected from [15]7, [Brs]~, or [Cl4],
and 1s more preferably [Br;]".

In accordance with the present invention, [Cat™] may be
a cationic species selected from: ammomium, azaannule-
nium, azathiazolium, benzimidazolium, benzofuranium,
benzotriazollum, borolium, cinnolinium, diazabicyclodece-
nium, diazabicyclononenium, diazabicyclo-undecenium,
dithiazolium, furanium, guanidinium, 1midazolium, indazo-
lium, indolinium, indolium, morpholimmum, oxaborolium,
oxaphospholium, oxazinium, oxazolium, i1so-oxazolium,
oxathiazolium, pentazolium, phospholium, phosphonium,
phthalazintum, piperazinium, piperidimum, pyranium,
pyrazinium, pyrazolium, pyridazinium, pyridinium, pyrimi-
dinium, pyrrolidintum, pyrrolium, quinazolintum, quino-
lintum, 1so-quinolinium, quinoxalinium, selenozolium, sul-
fonium, tetrazollum, 1so-thiadiazolium, thiazinium,
thiazolium, thiophenium, thiuronium, triazadecenium, triaz-
inum, triazolium, iso-triazolium, and uronium.

In another embodiment, [Cat™] 1s a quaternary nitrogen-
containing heterocyclic cation selected from:

R4 N R4 N
RE\)\/ R7 Rﬁ\ R”
Q ON
Rb/\T/\Rf | Rb/\Tf |
B 4 1+ [ I
R€ R€ N\ /Rd
QN j@
R N)\Re , | R N~ gre |
3 b
B Rr: Ra' ]+ B Rr: Ra' 1+
/
N
O\ ON
R <~ re | | r? N Re |
R T I
B RE} Rﬂ BE B Rg 1+
/ \
N N—N
Rr: O)\ Ra' . RE} A NX Rr:
!,
[ d 1+
B Rr: Rd 1+
R¢ R®
R? /N\ R® > | RY /N\ RS > and
B R RE i R? R -
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-continued

T Do d |+
AN Nt

/\N/\

/ \
RZ R

R? R¢ | >

wherein: R%, R?, R, R, R, R/ and R® are each indepen-
dently selected from hydrogen, a C, to C,,, straight
chain or branched alkyl group, a C; to C, cycloalkyl
group, or a C, to C,, aryl group, or any two of R?, R¢,
R4 R¢ and R/ attached to adjacent carbon atoms form a
methylene chain —(CH,),_— wherein q 1s from 3 to 6;
and wherein said alkyl, cycloalkyl or aryl groups or
said methylene chain are unsubstituted or may be
substituted by one to three groups selected from: C, to
C, alkoxy, C, to C, , alkoxyalkoxy, C, to C, cycloalkyl,
C, to C,, aryl, C, to C,, alkaryl, C, to C,, aralkyl,
—CN, —OH, —SH, —NO,, —CO,R*, —OC(O)R?",
—C(O)R*, —C(S)R*, —CS,R*, —SC(S)R*, —S(O)
(C, to Cyalkyl, —S(O)O(C, to Cy)alkyl, —OS(O)(C,
to Cylalkyl, —S(C, to Cyalkyl, —S—S(C, to Cq
alkyl), —NR*C(O)NR’R”, —NR*C(O)OR”, —OC(O)
NRYR*, —NR*C(S)ORY, —OC(S)NR’R*, —NR*C(S)
SR*, —SC(S)NR’R®, —NR'C(S)NR'R?, —C(O)
NR'R”, —C(S)NR’R”, —NR’R”, or a heterocyclic
group, wherein R*, R and R* are independently
selected from hydrogen or C, to C, alkyl.

More preferably, R%, R”, R, R% R®, R/ and R# are each
independently selected from hydrogen, C, to C,, straight
chain or branched alkyl group, a C; to C cycloalkyl group,
or a C, aryl group, wherein said alkyl, cycloalkyl or aryl
groups are unsubstituted or may be substituted by one to
three groups selected from: C, to C, alkoxy, C, to C,,
alkoxyalkoxy, C, to C, cycloalkyl, C, to C,, aryl, —CN,
—OH, —SH, —NO,, —CO,(C, to Cy)alkyl, —OC(O)(C,
to Cyalkyl, C, to C,, aryl and C, to C,, alkaryl.

R* 1s preferably selected from C, to C,,, linear or

branched, alkyl, more preferably C, to C,, linear or
branched alkyl, still more preferably, C, to C,, linear or
branched alkyl, and most preterably C, to C. linear or
branched alkyl. Further examples 111c1ude Whereln R* 1

selected from methyl, ethyl, n-propyl, n-butyl, n-pentyl

n-hexyl, n-heptyl, n-octyl, n-nonyl, n-decyl, n-undecyl,
n-dodecyl, n-tridecyl, n-tetradecyl, n-pentadecyl, n-hexade-
cyl, n-heptadecyl and n-octadecyl.

In the cations comprising an R* group, R*® 1s preferably
selected from C, to C,, linear or branched alkyl, more
preferably, C, to C. linear or branched alkyl, and most
preferably R® 1s a methyl group.

In the cations comprising both an R® and an R® group, R”
and R*® are each preferably independently selected from C,
to C,,, linear or branched, alkyl, and one of R“ and R® may
also be hydrogen. More preferably, one of R” and R® may be
selected from C, to C,, linear or branched alkyl, still more
preferably, C, to C. linear or branched alkyl, and most
preferably C, to C; linear or branched alkyl, and the other
one of R* and R® may be selected from C, to C,, linear or
branched alkyl, more preferably, C, to C; linear or branched
alkyl, and most preferably a methyl group. In a further
preferred embodiment, R* and R® may each be indepen-
dently selected, where present, from C, to C,, linear or

branched alkyl and C, to C, . alkoxyalkyl.
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In further preferred embodiments, R”, R°, R%, R®, and R/
are independently selected from hydrogen and C, to C.
linear or branched alkyl, and more preferably R”, R¢, R%, R,

and R’ are hydrogen.
In a preferred embodiment of the mmvention, [Cat™] 1s

selected from:

d
G R¢ |
R¢ R? /
C ON
R? N R\ | and | RO N)\ R | |
3 b

wherein: R, R”, R°, R?, R, R/, and R are as defined
above.
More preferably, [Cat™] is selected from:

R” R
/\ - N/
and { C)) ,
T
B R“ | L R ]

wherein: R? and R are as defined above, and R” repre-
sents hydrogen or a methyl group.
Specific examples of preferred cations include:

H\\ /\ 7 \ /\ CHZCH3,

LA )

|mim]| |lemum |

. _(CH,):CH;. . _(CH,)<CH;.
\N/\N/ 2)30H3 \N/\N/ 2)5CH;3

\—/ \—/

[bmim] [hmim]

CH3CH2\N /\ﬁ _

\—/

[CoCoim |

T

k/?

CH,CH;,

[C4py]
P VS and
P
[C4 pic]
Py

[C4pic]

In another preferred embodiment of the invention, [Cat™]
1s selected from:
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R” N R¢ Re” SN Nps
/ \ / \
i R? RE N RA RS and
C pe A"
NN
N N
/ \
i RT RS 1.

wherein: R4, R?, R, R4, R® R/, and R® are as defined
above.
Still more preferably, [Cat™] is selected from:

- -+

()

N
/ \
_R? RE_

wherein: R, R”, R, R?, R® R/, and R® are as defined
above.
Specific examples of preferred cations include:

(S ()

N N
/\ / \
Me Me and Et Et

In another preferred embodiment of the invention, [Cat™]

1s an acyclic cation selected from:

[NR)R)R)RI]Y, [PRF(R”)R)R)]", and
[S(RTR”)(R)],

wherein: R, R”, R¢, and R are each independently
selected from a C, to C,,, straight chain or branched
alkyl group, a C; to C, cycloalkyl group, ora C, to C,
aryl group, or any two of R”, R°, R%, R® and R/ attached
to adjacent carbon atoms form a methylene chain
—(CH,)_— wherein q 1s from 3 to 6; and wherein said
alkyl, cycloalkyl or aryl groups or said methylene chain
are unsubstituted or may be substituted by one to three
groups selected from: C, to C, alkoxy, C, to C,,
alkoxyalkoxy, C; to C, cycloalkyl, C, to C,, aryl, C, to
C,, alkaryl, C, to C,, aralkyl, —CN, —OH, —SH,
—NO,, —CO,R"*, —OC(O)R*, —C(O)R", —C(S)R",
—CS,R*, —SC(S)R*, —S(O)(C, to Cy)alkyl, —S(O)
O(C, to Cylalkyl, —OS(O)(C, to Cy)alkyl, —S(C, to
Cqlalkyl, —S—S(C, to C, alkyl), —NR*C(O)NR'R”,
—NR*C(O)OR”, —OC(O)NR’R*, —NR*C(S)OR”,
—OC(S)NRYR”, —NR'C(S)SRY, —SC(S)NR'R”,
—NR'C(S)NR’R?, —C(ONRYR?, —C(S)NR*R?,
—NR”R", or a heterocyclic group, wherein R*, R” and
R” are independently selected from hydrogen or C, to
C, alkyl, and wherein one of R%, R”, R¢, and R? may
also be hydrogen.
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More preferably, [Cat™] 1s selected from:
[NRD)R")RHR)] and [P(RHR7)RHRN],

wherein: R% R”, R° and R? are each independently
selected from a C, to C, straight chain or branched
alkyl group, a C; to C, cycloalkyl group, or a C aryl
group, wherein said alkyl, cycloalkyl or aryl groups are
unsubstituted or may be substituted by one to three
groups selected from: C, to C, alkoxy, C, to C,,
alkoxyalkoxy, C, to C,; cycloalkyl, C, to C,, aryl,
—CN, —OH, —SH, —NO,, —CO,(C, to Cy)alkyl,
—OC(O)(C, to Cyalkyl, C, to C,, aryl and C, to C,,
alkaryl, and wherein one of R, R?, R¢ and R“ may also
be hydrogen.

Further examples include wherein R4, R”, R and R are
independently selected from methyl, ethyl, n-propyl, n-bu-
tyl, n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, n-decyl,
n-undecyl, n-dodecyl, n-tridecyl, n-tetradecyl, n-pentadecyl,
n-hexadecyl, n-heptadecyl and n-octadecyl. More preferably
two or more, and most preferably three or more, of R%, R®,
R¢ and R are independently selected from methyl, ethyl,
propyl and butyl.

In a further preferred embodiment, R”, R, and R? are each
the same alkyl group selected from methyl, ethyl n-butyl,
and n-octyl, and R” 1s selected from hydrogen, methyl,
n-butyl, n-octyl, n-tetradecyl, 2-hydroxyethyl, or 4-hydroxy-
n-butyl.

Specific examples of preferred ammonium and phospho-
nium cations suitable for use according to the present
invention include:

+ + + + +

NBu, , PBuy , NHBu; , EzbNMe , NMeBujg,
(INga4al) ([Paga4]) (INHaa4l) ([No2o2gl) (INagail

+ + + + OH
(CgH7)3NMe, NBuMes , (CgH 7)NMe;, Mﬂ3N/\/ :

([Nggs1l) ([Na1i11l)  ([Ngi1.1l) (IN1.1.120H])
+ + /\/\/OH
(CeH 3)3P——C4Hy9, MesN -
([Ps.6.6.14]) (IN11.1.40H])

In a preferred embodiment, [Cat™] is selected from:
[NRT)(R”)RHRD)]* and [PRTHR?)R)R)],

wherein: R% R”, R° and R? are each independently
selected from a C, to C; straight chain or branched
alkyl group.

In the preferred embodiment where R%, R”, R¢, and R? are
each independently selected from a C, to C, straight chain
or branched alkyl group, the preferred compounds may be
selected from:

+ + + + +

NBus , PBuy , NHBu; , EzNMe , NMeBus,
(INg444l) (Psa44]) (NHigal) (IN2221]) ([Nagail)

+ +/\/\/OH
NBuMe; , MesN
(INg.1.1.1D (IN1.1.1.408])

+ OH
Me3N/\/
(IN1.1.120H])

and
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The present mvention 1s not limited to 1onmic liquids
comprising cations having only a single charge. Thus, the
formula [Cat™][X"] 1s intended to encompass ionic liquids
comprising, for example, doubly, triply and quadruply

charged cations. The relative stoichiometric amounts of 5

[Cat™] and [X™] in the ionic liquid are therefore not fixed, but
can be varied to take account of cations with multiple
charges. For example, the formula [Cat™][X™] should be
understood to include 1onic liquids having the formulae
[Cat**][X"],; [Cat’*][X ]5 and so on. In addition, [Cat*]
may represent a single cationic species or a mixture of more
than one cationic species.

Ionic liquids for use according to the present mmvention
preferably have a melting point of 250° C. or less, more
preferably 150° C. or less, still more preferably 100° C. or
less, still more preferably 80° C. or less, and most preferably,
the 1onic liquid has a melting point below 30° C. However,
any compound that meets the criteria of being a salt (con-
sisting of a cation and an anion) and which 1s liquid at the
operating temperature and pressure of the process may be
defined as an 1onic liquid for the purposes of the present
invention.

As noted above, 1t 1s well known i1n the art that the
properties ol ionic liquids may be ‘tuned’ by altering the
nature of the cations and the anions. In particular, in the
methods of the invention, the structure of the cation or
cations may be selected so as to obtain an 10nic liquid having
desired rheological and physical properties, such as liquid
range, melting point, viscosity, hydrophobicity and lipophi-
licity. The selection of suitable cations to obtain 1onic liquids
having specific properties 1s well established 1n the art, and
can readily be undertaken by a skilled person.

In one preferred embodiment of the invention, the 1onic
liguid 1s hydrophobic.

As used herein, the term “metal” should be understood to
include both elemental metals and metal alloys having an
oxidation state of zero, and metal compounds, such as metal
oxides or metal sulfides, that have an oxidation state above
zero. In addition, the metal may be combined with other
substances, for mstance, the metal may be 1n the form of a
metal ore, the metal may be a comprised within a gaseous or
liquid hydrocarbon substance, or the metal may be 1n an
aqueous solution or suspension.

The term “metal” 1s also mtended to encompass metal-
loids that behave 1n the same way as metals 1n the process
of the invention. Thus, the term “metal” should be inter-
preted as including silicon, germanium, arsenic, selenium,
antimony, tellurium, and polonium, and compounds thereof,
as well as alkali metals, alkaline earth metals, transition
metals, lanthanides, actinides, aluminium, indium, tin, thal-
lium, lead, and bismuth, and compounds thereof.

Preferably, the metal comprises one or more of silicon,
germanium, arsenic, selenium, antimony, tellurium, and
polomum, transition metals, lanthanides, actinides, alu-
minium, indium, tin, thallium, lead, and bismuth.

In one embodiment, the method of the invention may be
used for the dissolution of a precious metal selected from
gold, silver, platinum, palladium, rhodium and iridium.

In another embodiment, the method of the invention may
be used for the dissolution of a toxic heavy metal selected
from cadmium, mercury, indium, thallium, germanium, tin,
lead, arsenic, antimony, bismuth, selentum, tellurium and
polonmium. In particular, the method of the invention may be
used for the dissolution of mercury.

In a further embodiment, the method of the invention may
be used for the dissolution of a metal selected from silicon
and germanium.
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In a further embodiment, the method of the invention may
be used for the dissolution of a metal selected from the
lanthanides and actinides.

In yet a further embodiment, the method of the invention
may be used for the dissolution of a radioactive metal
selected from technetium, promethium, bismuth, polonium
and the actinides.

In one embodiment of the mnvention, it 1s preferred that the
metal 1s mnitially 1n an oxidation state below the maximum
oxidation state of the metal (for example 0, +1 or +2) and 1s
oxidised 1n contact with the 1onic liquid to a higher oxidation
state, with concomitant reduction of the perhalide anion to
three halide anions. In a preferred embodiment, the metal 1s
more soluble 1n the 1onic liquid after oxidation to the higher
oxidation state. In a further preferred embodiment, the metal
in the higher oxidation state forms a complex 1on with one
or more halide anions that are formed 1n the reduction of the
perhalide anion, and more preferably, the complex 10n 1s a
halometallate anion. As a representative example, elemental
mercury(0) reacts with an 1onic liquid such as 1-butyl-3-
methylimidazolium tribromide to form a mercury(Il) species
which 1s complexed by bromide anions to form a bromo-
mercurate(Il) anion.

Without being bound by any particular theory, 1t 1s
believed that 1onic liquids comprising perhalide 1ons can
oxidise metals and metal compounds, and that the halide
ions formed in the oxidation step can coordinate to the
oxidised metal to facilitate dissolution of the oxidative metal
in the 1onic liquid.

Dissolution of metals 1n the ionic liquids by a method of
oxidising the metal from a low to a higher oxidation state
relies on the ability of the perhalide anion present in the
ionic liquid to oxidise the metal. It 1s well known that the
oxidising power of halogens {follows the order
Cl,>CIBr>Br,>L,, and the half-cell redox potentials of many
metals are known from the electrochemical series (see for
example CRC Handbook of Chemistry and Physics, 87" Ed.,
CRC Press, 2006). The oxidising power of the 1onic liquid
solvent can be modified and controlled by the appropriate
selection of the halogen constituents of the perhalide anion.
As a general rule, metals can be dissolved 1t the metal
substance 1s capable of oxidation by the respective anion
present 1n the 1onic liquid. The skilled person 1s readily
capable of selecting 1onic liquids with suflicient oxidation
potential to oxidise a specific metal by the selection of a
suitable perhalide component of the ionic liquid. The fol-
lowing series shows the increase in the oxidation potentials

of perhalide anions from [I;]” (lowest oxidation potential) to
|Cl;]™ (laghest oxidation potential):

(L] <[BrL ] ~[IBr, ] <[ClL]<[Br3] <[CIBr,] <
[ICL ]~ [BrCL, | ™~[Cl5]

In accordance with the present invention, the metal 1s
preferably contacted with the 1onic liquid at a temperature of
from —80° C. to 200° C., more preferably 0° C. to 150° C.,
and most preferably 20° C. to 100° C. The dissolution of
metals 1s typically accelerated when the metal 1s contacted
with the 1onic liquid at elevated temperatures.

The metal 1s preferably contacted with the 1onic liqud at
atmospheric pressure (approximately 100 kPa), although
pressures above or below atmospheric pressure may be used
if desired. For instance, the process may be conducted at a
pressure of from 10 kPa to 10000 kPa, more preferably from
20 kPa to 1000 kPa, still more preferably 50 to 200 kPa, and
most preferably 80 to 120 kPa. As noted above, however, the
ionic liquid must be liquid at the operating temperature and
pressure of the process of the invention. It will therefore be
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appreciated by the skilled person that the above operating
temperature and pressure ranges may, 1 some cases, be
turther limited by the temperature and pressure ranges 1n
which a selected 10nic liquid 1s 1n liquid form.

The molar ratio of metal atoms 1n the metal to perhalide
anions 1n the 1onic liquid 1s preferably 1n the range of 1:0.5
to 1:10,000, more preferably 1:1 to 1:1000, still more
preferably 1:1 to 1:100, and most preferably 1:1 to 1:10.

In one embodiment, dissolution of the metal 1n the 10nic
liquid 1s assisted by agitating the mixture of the 1onic liquid
and the metal, for example by stirring, shaking, vortexing or
sonicating.

In another aspect, the present invention provides a method
for reprocessing a spent nuclear fuel comprising a radioac-
tive metal, which comprises dissolving the radioactive metal
in an 1onic liquid as defined above. The spent nuclear tuel
may comprise an actinide oxide, and most preferably the
actinide oxide comprises a uranium oxide and/or a pluto-
nium oxide.

In a further preferred embodiment, the spent nuclear fuel
comprises cladding materials comprising metals which are
dissolved together with the radioactive metal. Nuclear fuel
cladding materials which may be dissolved according to this
aspect of the mvention include zirconium alloys.

In a further aspect, the present invention provides a
method for removing metals from metal-containing materi-
als comprising contacting the metal-containing material
with an 1onic liquid as defined above. In accordance with
this aspect of the invention, the metal-containing matenal
may be a gaseous, liquid or solid material, and may comprise
any metal as defined above.

In one embodiment, the metal-containing material 1s a
metal-containing hydrocarbon gas, such as a natural gas
and/or a refinery gas. For instance, toxic and heavy metals,
such as mercury may be removed from hydrocarbon gases 1n
accordance with this aspect of the mvention.

In a further embodiment, the metal-containing material 1s
a metal-containing liquid hydrocarbon. Examples of metal-
contaiming liquud hydrocarbons which may be treated
according to this aspect of the invention include liquefied
natural gas; light distillates, e.g. comprising liquid petro-
leum gas, gasoline, and/or naphtha; natural gas condensates;
middle distillates, e.g. comprising kerosene and/or diesel;
heavy distillates, e.g. fuel oil; and crude oils.

In another embodiment, the metal-containing substance 1s
a metal-containing aqueous liquid. This aspect of the inven-
tion may be applied to the remediation of metal-contami-
nated groundwater; the recovery of metals from aqueous
metal leachates comprising metals leached from mineral
ores using aqueous leaching agents; the recovery of valuable
catalyst metals, such as transition metal catalysts, from
aqueous solutions of the catalyst metals; and to the reme-
diation of aqueous by-products of nuclear fuel processing or
reprocessing.

In yet another embodiment, the metal-containing material
1s a metal-containing solid. Metal-containing mineral ores
may be treated with an 1onic liquid as described above to
leach metals, for example precious metals, from the ore.
This aspect of the invention may also be used to recover
precious and/or heavy metals from waste electronic appa-
ratus, such as circuit boards and electronic components, and
other waste consumer goods. This aspect of the mvention
may further be used to recover catalyst metals, for example
transition metal catalysts such as platinum, palladium, rho-
dium, iridium, ruthemum, osmium, from solid supports.

In a further aspect, the present invention provides a
method for etching the surface of a metalloid, comprising
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contacting an exposed surtace of the metalloid with an 1onic
liquid as described above. Etching of metalloids according
to the method of the mvention may be used 1n the manu-
facture ol microelectromechanical systems (MEMS) and
metalloid semiconductors. Preferably, in this aspect of the
invention, the metalloild semiconductor comprises silicon
and/or gallium.

In still a further aspect, the present mvention provides
novel metal-ionic liquid compositions obtainable by a
method comprising contacting the metal with an 1onic liquid
having the formula:

[Cat™][X7]

wherein [Cat™] represents one or more cationic species as
defined above, and
| X™] represents one or more perhalide anions as defined
above,

wherein the ionic liquid 1s free of additional solvents

and/or oxidants.

In yet a further aspect there 1s provided an 1onic liquid
comprising a complex halometallate anion obtainable from
an 1onic liquid comprising a perhalide anion as described
above.

The metal-ionic liquid compositions may comprise a
molar ratio of dissolved metal to the 1onic liquid of at least
0.05:1.

The metal-ionic liquid compositions may comprise a
molar ratio of dissolved metal to the 10nic liquid of at least
0.1:1.

The metal-ionic liquid compositions may comprise a
molar ratio of dissolved metal to the 10nic liquid of at least
0.2:1.

The metal-tonic liquid compositions may comprise a
molar ratio of dissolved metal to the 1onic liquid of at least
0.4:1.

The metal-1onic liquid compositions may comprise a
molar ratio of dissolved metal to the 1onmic liquid of at least
0.6:1.

The metal-ionic liquid compositions may comprise a
molar ratio of dissolved metal to the 10onic liquid of at least
0.8:1.

The metal-ionic liquid compositions may comprise a
molar ratio of dissolved metal to the 10nic liquid of at least
0.9:1.

The metal-ionic liquid compositions may comprise a
molar ratio of dissolved metal to the 10nic liquid of at least
1:1.

The aspects of the present inventions will now be
described by way of example.

EXAMPLES

Example 1: Synthesis of Perhalide Iomic Liquids

Ionic liquids with mixed perhalide anions ([ XY,]~, where
X—Cl or Br, and Y—Br or I) were prepared with dialky-
limidazolium, tetraalkylammonium, tetraalkylphosphonium
and alkylmethylpyridinium cations (see Table 1) following
literature procedures. Briefly, liquid bromine or solid 10dine
was added to an appropriate amount of organic halide salt to
achieve the desired 1:1 molar stoichiometry, generating
perhalide anions. The mixtures were mixed overnight at
room temperature to vyield the respective perhalide 1onic
liquids, which were characterised by mass spectrometry and
thermogravimetric analysis (TGA).

Mass spectrometry identified the presence of mass 1ons

for the cation ([Q]") and perhalide anions ([XY,]7) in each
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case. TG A demonstrates that the volatility of the halogen has
been sigmificantly reduced by incorporation into the 1onic
liquid. Mass losses, over the temperature range 150 to 300°
C., corresponded to 1mitial loss of the most volatile dihalogen
from the 1onic liquid (Br, or ClBr) and associated thermal
decomposition of the organic halide salt consistent with
literature decomposition temperatures.

TABLE 1

Ionic liquids prepared and phvsical state

Physical state at Thermal Stability

Cation” Anion room temperature (determined by TGA)
C,mum]* Brl,]™ liquid 208° C.
C,ymim]* Bri|™ liquid 185° C.
C,mum|™ CIL, | liquid 205° C.
C,mum]”* ClBr,]” lLiqud 152° C.
Pses.1al’ CIBr,]”  Liqud 194° C.
C,Comm]” Bry|™ liquid 156° C.
Nygail” Br,]™ crystalline 176° C.
C,Mpic]? Bri]™ crystalline 155° C.

UCymim]* = 1-butyl-3-methylimidazolium; [P@ﬁjﬁj 14]" = trihexyltetradecylphosphonium;
[C>CHhim]" = 1,3-diethylimidazolium; [Nga41]" = tnbutylmethylammonium; [Cfpic]J' =
| -butyl-4-methylpyridinium (4-picolinium).

Comparative Example 2: The Solubility of Bromine
in Non-Halide Ionic Liquids

Bromine was not found to be completely miscible at 1:1
molar ratios with either 1-butylpyridintum bistritlimide or
with 1-butyl-3-methylimidazolium hydrogensulfate, and
extensive evolution of bromine vapour was observed from
the 1onic liquid/bromine mixtures on standing under ambient
conditions.

Example 3: Dissolution of Metals

A range of powdered elemental metal samples (approxi-
mately 0.1 g each, accurately measured) were mixed with
1 -butyl-3-methylimidazolium tribromide (1.0 mL) produc-
ing mixtures ol approximately 5 wt % metal 1n 1onmic liquid.
The mixtures were stirred with heating to 60° C. for 72 h,
then cooled to room temperature and filtered through 2
micron nylon filters. For each sample, approximately 0.1 g
of the filtrate was accurately weighed, and digested 1n S0 mL
of 5% w/w nitric acid and the metal content determined by
inductively coupled plasma (ICP) analysis. The percentage
of the metal sample dissolved 1n the 1onic liquid 1n each test
1s shown 1n Table 2.

TABLE 2

Metal dissolution test results.

Percentage of metal

Metal dissolved 1n 1onic liquid
Aluminium 5
Chromium 49

Copper 94

[ron 71

Antimony 9%

Titanium trace
Tungsten 7

Example 4: Qualitative Screening of Mercury
Solubilisation

Qualitative screening of elemental mercury solubility in
the 1onic liquid systems has been made by visually observ-
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ing the state of a single droplet of mercury (ca. 0.05 g) stirred
in ca. 1-2 mL of 1on1ic liguid at room temperature and at 60°
C. Complete dissolution under these conditions would give
mercury loadings concentrations in the order of 25-50,000
ppm (about 5 mol %).

TABLE 3

Perhalide 1onic liquids screened and
observations on mercury solubility.

Cation” Anion Mercury Solubility?

C,mim]”* Brl,]™ no solubility observed visually
C,mum]|”* Bri|™ soluble

C,ymum]|”" CIL, | no solubility observed visually
C,mim]* CIBr,]”  soluble

Pe66.14]" CIBrp|”  soluble

C5Comum|™ Bry|™ soluble

Naga1l" Brs]” soluble

C, pic]* Bri]™ solvent solid under test conditions

UCymim]* = 1-butyl-3-methylimidazolium; [Pﬁ_’gjﬁj 14]" = trihexyltetradecylphosphonium;
[C>Chmim]" = 1,3-diethylimidazolium; [Ngg.41] = tributylmethylammonium; [C,f}t:iq;:]Jr =
| -butyl-4-methylpyridinmum {4-picolmium).

bAppmximately 0.05 g mercury was contacted with 1-2 mL of 1omc hqud, mercury

solubility at least 25,000 ppm.

Example 3: Dissolution of Bulk Mercury

Elemental mercury (1.213 g, 6.05 mmol) was added to
1-butyl-3-methylimidazolium tribromude (4.52 g, 12.1
mmol) and heated at 70° C. with stirring 1n a sealed vessel.
The dense metallic mercury drop was observed to decrease
in volume over time, and after 2 hours the mercury com-
pletely dissolved into the red 1onic liquid solution. On
cooling to room temperature, no precipitation of mercury or
mercury-containing species was observed.

Example 6: Preparation of
1-butyl-3-methylimidazolium tribromomercurate(1I)

Elemental mercury (3.129 g, 15.6 mmol) was added to
1-butyl-3-methylimidazolium tribromide (35.91 g, 13.6
mmol) and heated at 70° C. with stirring 1n a sealed vessel.
The dense metallic mercury drop was observed to decrease
in volume over time, and after 4 hours the mercury com-
pletely dissolved with a change 1n the colour of the 1onic
liquid from deep red to pale yellow on complete dissolution
of mercury and conversion of tribromide anions to tribro-
momercurate(Il) amons. On cooling, the new 1onic liquid,
1-butyl-3-methylimidazolium tribromomercurate(Il) crys-
tallised as a pale yellow solid at 40° C.

Example 7: Preparation of
bis(1,3-diethylimidazolium)tetrabromomercurate(II)

Elemental mercury was added to 1,3-diethylimidazolium
tribromide and heated at 70° C. with stirring 1n a sealed
vessel. The dense metallic mercury drop was observed to
decrease 1 volume and after 4 hours the mercury com-
pletely dissolved 1n the red 1onic liquid. Cooling to room
temperature and standing resulted in the formation of crys-
tals from the 1onic liquid which were 1solated and deter-
mined to be bis(1,3-diethylimidazolium tetrabromomercu-
rate(Il) by single crystal X-ray diffraction.

Example 8: Dissolution of Mercury 1n Iodine-Based
Perhalide Ionic Liquids

Bulk dissolution of elemental mercury was not observed
in 1odine-based perhalide 1omic liquids, [C ,mim][ClI,] and
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|C,mim][Brl,] or with 1-butylpyridinium bistriflimide or
with 1-butyl-3-methylimidazolium hydrogen sulfate under
the conditions described 1n Example 4.

The invention claimed 1s:

1. A method for removing metal from a liquid hydrocar-
bon stream comprising contacting the hydrocarbon stream
containing the metal with a solution including an 1onic
liquid, the 1onmic liquid having the formula:

[Cat™][X"]

wherein: [Cat™] represents at least one cationic species,
and

| X™] represents at least one perhalide anion,

where the at least one perhalide anion 1s selected from the

group consisting of [I;]7, [Brl,]”, [Br,I]", [CIL]".
[IBr,]~, [CIBr,]~, [BrCl, ], [ICl,]7, and [Cl,]", and
combinations thereof,

wherein the solution 1s free of an additional solvent, and

further wherein the liquid hydrocarbon stream 1s selected
from one or more ol liquefied natural gas, liquid
petroleum gas, gasoline, naphtha, natural gas conden-
sates, kerosene, diesel, fuel oils, and crude o1il.

2. The method according to claim 1, wherein [X™] com-
prises at least one perhalide anion selected from the group
consisting of: [I5]7, [Brs]™, and [Cl;]", and combinations
thereofl.

3. The method according to claim 1, wherein [Cat™] 1s a
cationic species selected from the group consisting of:
ammonium, azaannulenium, azathiazolium, benzimidazo-
lilum, benzofuranium, benzotriazolium, borolium, cinno-
lintum, diazabicyclodecenium, diazabicyclononenium, diaz-
abicyclo-undecenium, dithiazolium, furanium, guanidinium,
imidazolium, indazolium, indolintum, indolium, morpho-
lintum, oxaborolium, oxaphospholium, oxazinium, oxazo-
lilum, 1so-oxazolium, oxathiazolium, pentazolium, phospho-
llum,  phosphonium,  phthalazinium,  piperazinium,
piperidinium,  pyranium,  pyrazinium,  pyrazolium,
pyridazimum, pyridinium, pyrimidinium, pyrrolidinium,
pyrrolium, quinazolinium, quinolintum, iso-quinolinium,
quinoxalinium, selenozolium, sulfonium, tetrazolium, 1so-
thiadiazolium, thiazinium, thiazolium, thiophenium, thiuro-
nium, triazadecemium, triazinium, triazolium, 1so-triazo-
lium, and uronium.

4. The method according to claim 3, wherein [Cat™] is a
cationic species selected from the group consisting of:

R4 * R4 +
R€ R¢ RE R®
10O O
N
Rf’/ \N AR e \N/' |
ke 3
— Ra' f— N — f— N
RE RE N R4
\éN \O/
Rb/\T)\RE | Rb/\T/\RE |
— Rﬂ — — Rﬂ —
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-continued
- Re R4 |+ [ Re A
/
N
ON ON
R N~ re | .| R N Re |
R I R
B Rb Rﬂ 1+ [ Rg 1+
/ \
N N—N
RC O)\ Ra' . RE} /(N)\ RE* .
- _ Ra' ]+
Rr: Ra' +
\ / Rr: RE:
R‘E’/LN)\RE | Re N R/ | > and
/ \ / \
B R? Ré& | _ R¢ Ré& N
RS O RY |+
I ~"
R N Npe |
/ \
R% R&

wherein: R%, R”?, R, R% R° R/ and R# are each indepen-
dently selected from hydrogen, a C, to C,,, straight
chain or branched alkyl group, a C, to C; cycloalkyl
group, or a C, to C,, aryl group, or any two of R?, R,
R R€ and R/ attached to adjacent carbon atoms form a
methylene chain —(CH,)_— wherein g 1s from 3 to 6;
and wherein said alkyl, cycloalkyl or aryl groups or
said methylene chain are unsubstituted or may be
substituted by one to three groups selected from: C, to
C, alkoxy, C, to C, , alkoxyalkoxy, C, to C, cycloalkyl,
Cs to C,, arvl, C, to C,, alkaryl, C, to C,, aralkyl,
—CN, —OH, —SH, —NO,, —CO,R*, —OC(O)R7,
—C(O)R*, —C(S)R*, —CS_,R*, —SC(S)R"*, —S(O)
(C, to Cyalkyl, —S(O)O(C, to Cy)alkyl, —OS(O)(C,
to Cyalkyl, —S(C, to Cjalkyl, —S—S(C, to C,
alkyl), —NR*C(O)NR’R”, —NR*C(O)OR”, —OC(O)
NR'R”, —NR™C(S5)ORY, —OC(S)NR’R”, —NR'C(S)
SRY, —SC(S)NRYR*, —NR'C(S)NR’R*, —C(O)
NR'R®, —C(S)NR'R”, —NR’R”, or a heterocyclic
group, wherein R*, R” and R® are independently
selected from hydrogen or C, to C, alkyl.

5. The method according to claim 4 wherein [Cat™] is a

cationic species selected from the group consisting of:

Ra'
- Re Re |
R R€ /
R N R | and | R N RY |
ke )

R% R”, R, R% R® R/, and R® are as defined in claim 4.
6. The method according to claim 3 whereimn [Cat™] 1s a
cationic species selected from the group consisting of:
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— —+

O |

R{I

and

wherein: R* and R*® are as defined 1n claim 4.
7. The method according to claim 3, wherein [Cat™] is
selected from the group consisting of:
[NRD)RDRIRI)]*, [PRIDRHRYRD)]", and
[S(RTR )R],

wherein: R4 R”, R¢, and R? are each independently
selected from a C, to C,,, straight chain or branched
alkyl group, a C, to C, cycloalkyl group, ora C, to C,
aryl group, or any two of R?, R¢, R, R® and R attached
to adjacent carbon atoms form a methylene chain
—(CH,)_— wherein q 1s from 3 to 6; and wherein said
alkyl, cycloalkyl or aryl groups or said methylene chain
are unsubstituted or may be substituted by one to three
groups selected tfrom: C, to C, alkoxy, C, to C,,
alkoxyalkoxy, C, to C, cycloalkyl, C, to C,, aryl, C, to
C,, alkaryl, C, to C,, aralkyl, —CN, —OH, —SH,
—NO,, —CO,R*, —OC(O)R*, —C(O)R*, —C(S)R",
—CS,R*, —SC(S)R*, —S(O)(C, to Cy)alkyl, —S(O)
O(C, to Cylalkyl, —OS(O)(C, to Cy)alkyl, —S(C, to

C.alkyl, —S—S(C, to C, alkyl), —NR*C(O)NR’R?,
~ NR*C(O)OR?, —OC(O)NR*R?, — NR*C(S)OR?,
—OC(S)NRYR?, — NR*C(S) SR¥, — SC(S)NR’RZ,
_NRI!C(S)NR'R?, — C(O)NR’R®>, —C(S)NR’R’,

—NRYR?, or a heterocyclic group, wherein R*, R” and
R” are independently selected from hydrogen or C, to
C, alkyl, and wherein one of R%, R”, R and R? may also
be hydrogen.

8. The method according to claim 1, wherein the 1onic
liquid 1s hydrophobic.

9. The method according to claim 1, wherein the metal 1s
oxidised from an 1nitial oxidation state below 1ts maximum
oxidation state to a higher oxidation state by reaction with
the 10nic liquad.

10. The method according to claim 9, wherein the metal
1s more soluble in the 1onic liquid when in the higher
oxidation state than when in the mitial oxidation state.

11. The method according to claim 9, wherein the oxi-
dised metal forms a complex 1on with one or more halide
anions formed during the oxidation.

12. The method according to claim 11, wherein the
complex 10n 1s a halometallate anion.

10

15

20

25

30

35

40

45

18

13. The method according to claim 1, wherein the metal
comprises at least a metal selected from the group consisting
of transition metals, lanthanides, actinides, aluminum, sili-
con, germanium, arsenic, selenium, imndium, tin, antimony,
tellurium, thallium, lead, bismuth and polonium.

14. The method according to claim 13, wherein the metal
comprises at least one member selected from the group
consisting of lanthanide and an actinide.

15. The method according to claim 1, wherein the metal
comprises at least a precious metal selected from the group
consisting of gold, silver, platinum, palladium, rhodium and
iridium.

16. The method according to claim 1, wherein the metal
comprises a toxic heavy metal selected from the group
consisting of: cadmium, mercury, indium, thallium, germa-
nium, tin, lead, arsenic, antimony, bismuth, selenium, tellu-
rium, and polonium, and combinations thereof.

17. The method according to claim 16, wherein the metal
COmprises mercury.

18. The method according to claim 16, wherein the metal
comprises a metal selected from the group consisting of:
silicon and germanium, and combinations thereof.

19. The method according to claim 1, wherein the metal
comprises a metal 1 elemental form.

20. The method according to claim 1, wherein the metal
comprises at least one member selected from the group
consisting of a metal oxide and a metal sulfide.

21. The method according to claim 1, wherein the metal
1s added to the 1onic liquid at a temperature of from —80° C.
to 200° C.

22. The method according to claim 1, wherein the metal
1s added to the 1onic liquid at atmospheric pressure.

23. The method according to claim 1, wherein the solution
1s Iree of an additional oxidant.

24. A method for removing metal from a hydrocarbon
stream comprising contacting the hydrocarbon stream con-
taining the metal with a solution including an 1onic liquid,
the 1onic liquid having the formula:

[Cat™][X7]

wherein: [Cat™] represents at least one cationic species,
and
[ X7] represents at least one perhalide anion,

where the at least one perhalide amion 1s selected from the
group consisting of [I;]7, [Brl,]”, [Br,I]", [CII,]".
|[Br,]~, [CIBr,]", [BrCl,]7, [ICl,]7, and [Cl;]", and
combinations thereof, wherein the solution 1s free of an
additional solvent, and wherein the hydrocarbon stream
includes crude oil.
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